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ABSTRACT 
An integral part of the system analyst's specification of 
subtransmission line facility reinforcements and additions is 
the determination of the conductor size to be utilized. Tradi- 
tionally, the evaluation consisted of evaluating the cost of 
line construction and annual IK.  energy replacement costs for 
various conductor sizes. 
v 
With low energy replacement costs, any savings of reduced 
11 losses afforded by the larger alternative conductors were 
significantly outweighed by the associated increase in installed 
line costs. As a result, the minimum/conductor size capable of 
carrying the projected load responsibility generally proved to 
be the economical conductor choice for the facility. 
However, in recent years, fuel prices and generating facil- 
ity capital requirements have increased dramatically. Since the 
1974 Arab Oil Embargo, replacement energy costs have more than 
doubled on the test utility system. The average replacement 
The test utility is Pennsylvania Power and Light Company 
located in Allentown, Pennsylvania. 
energy rate on the test utility's system for 1979 is estimated 
to be 19.9 mils/kWh based on the load objective forecast. These 
costs are projected to quadruple by the turn of the century. 
The present average cost of the utility's installed generation 
capacity is $151/kW. The cost of two nuclear generating units 
to be completed in the early 1980's is approximated at $842/kW 
of installed nameplate capacity. The next major capacity addi- 
tion to the test utility's system is expected to be a coal fired 
unit to be installed around 1995. The installed cost of this 
type facility is estimated to be $1500/kW in 1995. 
The net impact of these changes has been a complete reeval- 
uation and realignment- of the electric utilities operation with 
regard to energy management and conservation. The system 
analyst in turn is confronted with comprehensively incorporating 
these factors into the economic evaluation of alternative 
conductor sizes for individual project considerations. What the 
analyst^tieeds is a means of representing replacement energy 
:s, installed line costs, and capital investment costs neces- 
sary for construction of new generation stations as a function 
of load growth for various conductor sizes. 
This thesis sets forth a method of incorporating these 
factors into the economic analysis of conductor size for sub- 
transmission line facilities. A set of curves were developed 
and used to show the usefulness and benefits of the method. 
Conclusions and recommendations for further research are 
discussed. 
CHAPTER I 
INTRODUCTION 
Utilities regional power systems consist of regional 
supply substations which transform power froa the bulk power 
system to the subtransmission voltage level and subtransmission 
lines. The subtransmission lines transfer power throughout a 
region to directly supply large industrial and commercial loads 
and utility distribution supply substations. The capability of 
the subtransmission lines to supply projected load requirements 
is essential to reliable power system operation. 
\     Within typical electric utilities, the adequacy of the 
subtransmission line system is evaluated on the basis of supply- 
ing projected load requirements. In this manner, facilities 
requiring reinforcement to maintain reliable electric power 
supply are identified. The system analyst then considers 
various alternative reinforcements and evaluates these relative 
to the degree of reinforcement provided and the associated cost. 
The cost-benefits of each alternative is then analyzed to deter- 
mine the most economical reinforcement. 
One such utility is represented by Pennsylvania Power 
and Light Company located in Allentown, Pennsylvania. 
Inherent in these determinations is the size of conductor 
the reinforcement should utilize. According to Kelvin's Second 
Law, the total annual cost of a conductor is ■inisiized when 
fixed investment costs equal variable cost of losses. Applica- 
tion of this principle to expanding power systems in a business 
environment necessitates incorporation of load growth, escalating 
energy costs, the time value of money, and other factors impact- 
ing on the economic operation of the utility. 
Dramatic increases in fuel costs and generating facility 
capital requirements in recent years have placed an unprece- 
dented "cost of doing business" on electric utilities. For 
example, the installation of two 1050 megawatt (MW) nuclear 
units by the test utility in the early 1980's will increase the 
cost of utility's electric facilities placed in service by 
approximately sixty percent. These trends have caused corporate 
management to regard extensive conservation and load management 
measures as essential in influencing capacity expansion necessary 
to supply future demands in the most economical manner. Hence, 
the analyst is made increasingly aware of the need to avoid all 
unnecessary costs including losses in planning system 
reinforcements. 
In this regard, the analyst needs to be Mindful of the two 
general factors which comprise the cost of losses. The first is 
that the cost to generate a kilowatt-hour (kWh) of energy is the 
sane to the utility whether it is a kilowatt (kW) of losses or 
load. The second factor is the cost of facilities to supply the 
peak demand which consists of the load and associated losses at 
the time of the peak. It is the responsibility and challenge of 
the system analyst to assure these factors are recognized in the 
determination of the economic conductor size for subtransmission 
line facility reinforcements. 
CHAPTER II 
STATE OF THE ART 
In the electric utility industry, conductor loadings are 
measured in terms of volt-amperes (VA) of apparent power. The 
relationship between apparent power (I Z), real power (IK), 
and reactive power (I A) for a conductor carrying an alternating 
current (I) is represented in Figure 1 on page 8. 
The)reactive component of power is expressed as: 
Q = I*X (2-1) 
where: 
Q = volt-amperes reactive (vars) 
I = current in amperes 
X = conductor reactance in ohms 
and represents the var loading of a conductor with reactance X 
carrying a current I. The heating effect of this component of 
POWER TRIANGLE 
2 
Apparent Power, S=I Z (volt-amperes) 
Reactive Power, Q = ITC (reactive volt-amperes) 
Effective Average Power, P=ITR (watts) 
FIGURE 1 
8 
power reduces the effective energy transfer capability through 
which it passes. Thus, it is desirable to ainiaize reactive 
flow through conductors in order to maximize effective energy 
transfers. 
In this regard, the capacitive reactance of a subtransais- 
sion line serves as a limited source of reactive power in the 
form of line charging. The balance between the inductive var 
losses and the available line charging is graphically illustrat- 
ed in Figure 2 on page 10. 
For moderate or heavy load conditions, (loads greater than 
the surge impedance loading (SIL)), the inductive reactive line 
losses exceed the available line charging. Under these condi- 
tions, the associated var deficiency must be supplied froa soae 
other source. Typically, these deficiencies on the subtrans- 
mission system are provided by installing shunt capacitors at 
an average cost of $3.99/kvar. This compares with an approxi- 
mate cost of $4.50/kvar to generate these requirements. 
Reference Appendix A for the derivation of these costs 
VAR BALANCE ON A SUBTRANSMISSION LINE 
8 
S3 
8 
FIGURE 2 
10 
Based on the above relative economics, capacitor installations 
are used extensively to supply subtransmission systea var re- 
quirements. These installations also enhance voltage regulation 
under peak load conditions and/or during contingency interruption 
to a single element on the subtransaission system. 
The system analyst studies the subtransmission system under 
future moderate and peak load conditions to identify associated 
var deficiencies and areas requiring voltage support. Fixed or 
switched shunt capacitors are then sized for installation on the 
subtransmission system based on the identified requirements. 
Var supply rendered unavailable by the forced outage of capacitor 
installations is generally provided from system generating 
units. By supplying var requirements close to the demand, a 
reduction in the subtransmission line reactive loads is realized 
thereby increasing the amount of effective power a conductor can 
carry as illustrated in Figure 3 on page 12. 
11 
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The effective or real component of apparent power is ex- 
pressed as: 
P = I*R (2-2) 
where: 
P = volt-amperes effective (watts) 
I = current in amperes 
R = resistance in ohms 
and represents the power loss of a conductor having a resistance 
R and carrying a current I. This component of apparent power, 
unlike the reactive component, cannot be reduced by the introduc- 
tion of a circuit element and can only be supplied by the genera- 
tion of real power. 
The cost incurred by an electric utility to generate a 
kilowatt-hour (kWh) of energy is termed energy replacement cost 
and generally is expressed in mils/kWh. Tearly energy replace- 
ment rates prepared in 1970 for a typical utility are listed in 
Table 1, page 14. The load cycle shown in Figure 4, page 15 was 
obtained from actual system watt-var surveys and depicts the 
average daily load shape of a subtransmission line supplying a 
distribution supply substation type load. Similarly, a 
13 
YEARLY ENERGY REPLACEMENT RATES 
PROJECTED FROM 1970 
Mills/kWh 
Year 
Mills/kWh 
Year On Peak Off Peak On Peak Off Peak 
1970 12.75 6.0 1991 31.0 20.8 
1971 13.6 6.4 1992 33.2 22.2 
1972 14.6 6.9 1993 35.5 23.8 
1973 15.6 7.4 1994 38.0 25.4 
1974 16.7 7.9 1995 40.6 27.2 
1975 17.1 8.3 1996 43.5 29.1 
1976 17.5 8.8 1997 46.5 31.2 
1977 17.9 9.2 1998 49.8 33.3 
1978 18.3 9.7 1999 53.3 35.7 
1979 18.8 10,3 2000 57.0 38.2 
1980 19.2 10.8 2001 61.0 40.8 
1981 19.7 11.4 2002 65.2 43.7 
1982 20.1 12.0 2003 ^  69.8 46.8 
1983 20.6 12.7 2004 74.7 50.0 
1984 21.1 13.3 2005 79.9 53.5 
1985 21.6 14.0 2006 85.5 57.3 
1986 22.1 14.8 2007 91.5 61.3 
1987 23.6 15.8 2008 97.9 65.6 
1988 25.3 16.9 2009 104.8 70.2 
1989 27.1 18.1 2010 112.1 75.1 
1990 29.0 19.4 2011 119.9 80.3 
TABLE 1 
14 
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yearly load shape based on monthly averages is shown in Figure 5 
on page 16. This information, the initial facility peak load 
level, and the projected load growth are utilized to determine 
the yearly energy cost component of losses for a subtransmission 
facility. 
The determination of yearly energy costs involve four 
simplifying assumptions: 
a. The peak load of each weekday during a week is assumed 
identical. 
b. The load of each weekend day during a week is assumed 
identical. 
c. The peak load of each weekday during a month is assumed 
identical. 
d. The average number of weeks in any month is calculated 
to be 4.345. 
1 Winter months for test utility are December-February, so 
curve on page 16 starts with the month of December. 
17 
Notations used in the calculations are listed below: 
P   = on peak initial load in per unit 
OP  = off peak initial load in per unit 
PC  = on peak energy replacement costs in $/kWh 
OPC = off peak energy replacement costs in $/kWh 
DFC1 = weekday daily cost factor in $/kW 
DFC2 = weekend daily cost factor in $/kW 
WCF = weekly cost factor in $/kW 
MCF = monthly cost factor in $/kW 
4 
YCF = yearly cost factor in $/kW 
Fundamental to the determination of the loss cost factors 
is the assumption that the on peak and off energy replacement 
costs coincide with the on peak and off peak load cycle of 
Figure 4, page 15. Thus, weekday and weekend daily on-off peak 
durations are 15 hours to 9 hours and 0 hours to 24 hours 
respectively. 
Using this information and the fact that conductor losses 
are proportional to the square of the load current, the weekday 
and weekend daily cost factors as defined above are calculated. 
This is accomplished by multiplying the number of on-off peak 
18 
hours, the energy replacement cost, and the load in per unit of 
peak load squared as follows: 
DCF1 = [(15)(PC)(P)2 + (9)(OPC)(OP)2J $/kW (2-3) 
DCF2 = [(0)(PC)(P)2 + (24)(0PC)(0P)2J $/kW (2-4) 
Since OP = 0.6P the daily cost factors simplify to: 
DCF1 = [(15)(PC)(P)2 + (3.24)(0PC)(P)2] $/kW (2-5) 
DCF2 = [(8.64)(OPC)(P)2] $/kW (2-6) 
By virtue of 5 weekdays and 2 weekend days per week, the 
weekly cost factor is determined as follows: 
WCF = [(5)(DCF1) + (2)(DCF2)] $/kW (2-7) 
Substitution of equations 2-5 and 2-6 into equation 2-7 and 
combining terms results in: 
WCF = [(75)(PC)(P)2 + (33.48)(0PC)(P)2] $/kW (2-8) 
19 
With 4.345 weeks calculated per month the Monthly cost 
factor is: 
MCF = [(4.345)(WCF)] $/kW (2-9) 
or 
MCF = [(325.875)(PC)(P)2 
+ (145.471)(OPC)(P)2] $/kW (2-10) 
In calculating the yearly cost factor, the monthly cost 
factors are applied to the respective average monthly peak load 
in per unit shown in Figure 5, page 16 as follows: 
2 
YCF = [Z(per unit monthly average load) ] 
x MCF $/kW (2-11) 
The sum of the monthly average peak loads squared in per 
unit of the peak monthly average equals 8.25. Distribution of 
this factor to equation 2-11 yields: 
YCF = (2688.4688)(PC)(P)2 
+ (1200.1325)(0PC)(P)2   $/kW (2-12) 
20 
Applying the energy replacement rates of Table 1, page 14 
to equation 2-12, page 20, renders the yearly energy replacement 
cost of effective losses in dollars per kW shown in Table 2 on 
page 22. 
The present worth value of these costs are determined and 
combined with the initial construction cost of the facility for 
various conductors as follows: 
C + I En ( j-fj)11 (2-13) C 
n=o     i 
where: 
C = initial construction cost in dollars 
n = number of years from 0 to 40 
E = nth year energy replacement cost in dollars 
i = annual interest rate 
Commonly used conductors for subtransmission line facili- 
ties and associated per mile construction costs are listed on 
Table 3, page 24. 
21 
YEARLY ENERGY REPLACEMENT COSTS 
BASED ON 1970 RATE PROJECTIONS 
Year $/kW Year $/** Year $/kW 
1970 41.48 1984 72.69 1998 173.85 
1971 44.24 1985 74.87 1999 186.14 
1972 47.53 1986 77.18 2000 199.09 
1973 50.82 1987 82.41 2001 212.96 
1974\ 54.38 1988 88.30 2002 227.73 
1975 55.93 1989 94.58 2003 243.82 
1976 57.61 1990 101.25 2004 260.84 
1977 59.16 1991 108.31 2005 279.02 
1978 60.84 1992 115.90 2006 298.63 
1979 62.90 1993 124.00 2007 319.56 
1980 64.58 1994 132.65 2008 341.93 
1981 66.64 1995 141.80 2009 366.00 
1982 68.44 1996 151.87 2010 391.51 
1983 70.62 1997 162.46 2011 418.72 
TABLE 2 
'{ 
22 
For example, a ten mile, three phase 69 kV subtransmission 
line required in 1970 to supply an initial 10 MW load with 
anticipated 5% growth rate is evaluated. Four sizes of conduc- 
tors are considered for the approximate 40-year life of a sub- 
transmission line facility. For each conductor, the initial 
peak load is assumed to increase at the stated growth rate for 
40 years or until it reaches the continuous thermal limit of the 
conductor. If the thermal limit of the conductor is reached in 
less than the 40-year life, the line would be assumed to be 
reconductored with the next larger size conductor suitable to 
permit load growth during the balance of the 40 years. 
The projected yearly cost of losses for each conductor size 
considered is derived by multiplying the yearly peak load IK 
value by the corresponding energy replacement cost from Table 2, 
page 22. The present value of these costs are then obtained by 
taking the present worth of each cost and summing the results 
per equation 2-13, page 21. The annual present worth energy 
replacement costs of losses for the conductor sizes included on 
page 24 are tabulated on pages 26 through 29. These conductor 
sizes represent those commonly used on the test utility subtrans- 
mission system. 
23 
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The associated construction and present worth value of 
energy replacement costs are listed on Table 8, page 31. On the 
basis of construction and rebuild costs alone, the least over- 
sized conductor, 336.4 MCM ACSR would be considered the 'economic' 
conductor size for this facility. However, the coabination of 
the construction and present worth energy replaceaent (FWER) 
costs indicate the energy savings of 556.5 MCM ACSR offset the 
added cost of installing the larger size but lower resistance 
conductor. Inclusion of the replacement energy costs of effec- 
tive losses in the economic evaluation of conductor sizes to 
date has been overshadowed by broader economic factors. 
In 1970, 83% of all 69 kV line mileage on the test utility's 
system consisted of 336.4 MCM ACSR or smaller conductor sizes. 
The reserve capacity for these lines proved inadequate for the 
then projected peak load demands by 1980. As a result, various 
alternatives were considered to provide the necessary capacity 
reinforcements to the 69 kV subtransmission sys^l 
Pennsylvania Power & Light Company's System Planning 
Report Number 160 
25 
YEARLY ENERGY REPLACEMENT COSTS 
(PRESENT WORTH VALUES) 
10 Mile - 3 Phase - 69 kV - 4/0 ACSR Line 
10 MW Initial 1970 Load - 5% Growth Rate 
Year      Cost       Year     Cost       Year     Cost 
1970 $5,161 1984 $ 8,071 1998 $17,227 
1971 $5,460 1985 $ 8,246 1999 $18,295 
1972 $5,818 1986 $ 8,432 2000 $19,410 
1973 $6,171 1987 $ 8,930 2001 $20,594 
1974 $6,550 1988 $ 9,491 2002 $21,844 
i 
1975 $6,682 1989 $10,083 2003 $23,198 ! 
1976 $6,827 \ 1990 $10,707 2004 $24,616 i 
1977 $6,953 1991 $11,361 2005 $26,119 1 i 
1978 $7,093 1992 $12,059 2006 * j 
1979 $7,274 1993 $12,797 2007 * i 
1980 $7,408 1994 $13,579 2008 * 
* 
i 
1 
1 
1981 $7,582 1995 $14,398 2009 
1 | 
1982 $7,724 1996 $15,295 2010 * 
1 
1983 $7,905 1997 $16,230 2011 
) 
* 
i 
j 
* Projected load exceeds 
/ 
conductor capacity 
Total of Present Worth Costs = $425,590 
TABLE 4 
f 
I 
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YEARLY ENERGY REPLACEMENT COSTS 
(PRESENT WORTH VALUES) 
10 Mile - 3 Phase - 69 kV - 336.4 MCM ACSR Line 
10 MW Initial 1970 Load - 5% Growth Rate 
Year Cost Year Cost Year Cost 
1970 $2,668 1984 $4,172 1998 $ 8,904 
1971 $2,822 1985 $4,262 1999 $ 9,457 
1972 $3,007 1986 $4,358 2000 $10,033 
1973 $3,190 1987 $4,616 2001 $10,645 
1974 $3,385 1988 $4,906 2002 $11,291 
1975 $3,454 1989 $5,212 2003 $11,991 
1976 $3,529 1990 $5,534 2004 $12,724 
1977 $3,594 1991 $5,872 2005 $13,500 
1978 $3,666 1992 $6,233 2006 $14,332 
1979 $3,760 1993 $6,615 2007 $15,213 
1980 $3,829 1994 $7,019 2008 $16,146 
1981 $3,919 1995 $7,442 2009 $17,142 
1982 $3,992 1996 $7,906 2010 $18,189 
1983 $4,086 1997 $8,389 2011 $19,295 
Total of Present Worth Costs = $320,299 
TABLE 5 
27 
YEARLY ENERGY REPLACEMENT COSTS 
(PRESENT WORTH VALUES) 
10 Mile - 3 Phase - 69 kV - 556.5 MCM ACSR Line 
10 MW Initial 1970 Load - 5% Growth Rate 
Year      Cost       Year     Cost       Year     Cost 
1970 $1,621 1984 $2,535 1998 $ 5,410 
1971 $1,714 1985 $2,589 1999 $ 5,745 
1972 $1,827 1986 $2,648 2000 $ 6,095 
1973 $1,938 1987 $2,804 2001 $ 6,467 
1974 $2,057 1988 $2,980 2002 $ 6,859 
1975 $2,098 1989 $3,166 2003 $ 7,285 
1976 $2,144 1990 $3,362 2004 $ 7,730 
1977 $2,184 1991 $3,568 2005 $ 8,202 
1978 $2,227 1992 $3,787 2006 $ 8,707 
1979 $2,284 1993 $4,018 2007 $ 9,242 
1980 $2,326 1994 $4,264 2008 $ 9,809 
1981 $2,381 1995 $4,521 2009 $10,414 
1982 $2,425 1996  N 
1997 
$4^,803 2010 $11,050 
1983 $2,482 /$5,096 2011 $11,722 
Total of Present Worth Costs = $194,586 
TABLE 6 
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YEARLY ENERGY REPLACEMENT COSTS 
(PRESENT WORTH VALUES) 
10 Mile - 3 Phase - 69 kV - 795.0 MCM ACSR Line 
10 MW Initial 1970 Load - 5% Growth Rate 
Year      Cost       Year     Cost       Year     Cost 
1970 $1,201 
1971 $1,271? 
1972 I $ly354 1973 \  - $1,436 
1974 $1,525 
1975 $1,555 
1976 $1,589 
1977 $1,619 
1978 $1,651 
1979 $1,693 
1980 $1,724 
1981 $1,765 
1982 
1983 
$1,798 
$1,840 
1984 $1,732 
1985 $1,919 
1986 $1,963 
1987 $2,079 
1988 $2,209 
1989 $2,347 
1990 $2,492 
1991 $2,644 
1992 $2,807 
1993 $2,979 
1994 $3,161 
1995 $3,351 
1996 $3,560 
1997 $3,778 
1998 $4,010 
1999 / $4,259 
2000 , X $4,518 
2001 $4,794 
2002 $5,085 
2003 $5,400 
2004 $5,730 
2005 $6,080 
2006 $6,454 
2007 $6,851 
2008 $7,271 
2009' $7,720 
2010 $8,190 
2011 $8,689 
Total of Present Worth Costs = $144,093 
TABLE 7 
29 
The two alternatives considered economically feasible were 
(1) expansion and reinforcement of the existing 69 kV system; 
and (2) conversion of the existing subtransmission system voltage 
from 69 kV to 138 kV operation. The capital construction costs 
associated with continued 69 kV development were estimated at 
$112 million. The corresponding capacity reinforcement afforded 
by conversion from 69 kV to 138 kV operation was approximated at 
$77 million. 
Conversion to 138 kV operation not only required less 
capital expenditures but also included such benefits as: 
S 
o   environmental compatibility of fewer lines and source 
substations 
o   system reinforcement capability that could be coordin- 
ated with load growth in a step-by-step process ena- 
bling expenditures to be spread over a period of time. 
> 
o   lower losses afforded by operation at a higher voltage 
level. ; 
V ) 
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Therefore, all new and/or upgraded subtransmission lines 
were designed and insulated for 138 kV operation to provide for 
short term 69 kV capacity requirements as well as the long term 
conversion to 138 kV operation. 
Including the PWER cost of losses in the selection of 
conductor size was generally regarded as insignificant relative 
to the greater reduction in losses afforded by conversion from 
69 kV to 138 kV operation. Thus, conductor size selection 
reflected the best balance of initial construction, future 
conversion, and associated system reinforcement cost considera- 
tions . 
The structural capability of existing 69 kV lines limited 
conductor size for reconductoring and reinsulating to 556.5 MCM 
ACSR. Utilization of 795.0 MCM ACSR conductors required major 
structure reinforcement, or even complete structure replacement 
at an estimated two to three fold increase in cost over utiliza- 
Corona loss, radio interference, and fault current require- 
ments dictate utilization of 336.4 MCM ACSR or larger 
conductor sizes for future conversion to 138 kV operation. 
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tion of 556.5 MCM ACSR. Accordingly, 795.0 MCM ACSR conductors 
were not specified for existing 69 kV lines. Because of the 
above factors specification of conductor size for overhead 
subtransmission line facilities since 1970 has aaounted to selec- 
tion of 336.4 MCM ACSR or 556.5 MCM ACSR conductors based on the 
projected facility load requirements. For the exanple illustra- 
tion, 336.4 MCM ACSR would be the conductor size selected on the 
traditional basis. 
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CHAPTER III 
IMPACT OF COST AND PHILOSOPHY CHANGES 
Y. —^ 
\ 
During the 1970s, the realities of liaited energy resources 
were highlighted by the 1974 Arab Oil Embargo and the 1978 
United Mine Workers Coal Strike. As energy consumption around 
the world continued to grow, the effect of "supply-and-deaand" 
was a dramatic increase in the cost of fuels. This, in turn, 
resulted in higher energy replacement rates for electric utili- 
ties as shown on Table 9, page 35. In Addition to a more /than 
two fold increase in energy replacement rates from 1970 to(1979, 
utilities were faced with unprecedented capital requirements to 
install new generating capacity. 
( 
For example, the cost of a 2100 MW nuclear generating 
station to be completed in 1982, is approximated at $2.1 billion. 
This compares to the $2.8 billion value for the same company's  " 
electric facilities presently in service as a result of 50 years 
of system development prior to the completion of the nuclear 
generating station. As a result, it is estimated that a 25% 
increase in the cost of electric service to this utility's 
customers is necessary to financially support the investment in 
the nuclear plant despite some $65 million a year in expected 
savings from nuclear fuel. 
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YEARLY ENERGY REPLACEMENT RATES 
PROJECTED FROM 1979 
MILLS/kWh 
YEAR 
MILLS/kWh 
YEAR ON PEAK OFF PEAK ON PEAK OFF PEAK 
1979 24.9 14.8 2000 109.2 48.2 
1980 28.0 15.8 2001 116.8 51.1 
1981 27.4 16.1 2002 125.0 54.2 
1982 27.7 16.6 2003 133.8 57.4 
1983 31.6 18.4 2004 143.1 60.9 
1984 32.9 19.3 2005 153.1 64.5 
1985 34.8 19.7 2006 163.9 68.4 
1986 37.8 20.6 2007 175.4 72.5 
1987 41.7 22.1 2008 188.6 76.9 
1988 44.9 23.0 2009 200.8 81.5 
1989 48.9 24.3 2010 214.8 86.4 
1990 53.9 25.7 2011 229.8 91.5 
1991 59.4 28.5 2012 245.9 97.0 
1992 63.6 30.2 2013 263.2 102.8 
1993 68.0 32.0 2014 281.6 109.0 
1994 72.8 33.9 2015 301.3 115.6 
1995 77.9 36.0 2016 322.4 122.5 
1996 83.3 38.1 2017 344.9 129.8 
1997 89.1 40.4 2018 369.1 137.6 
1998 95.4 42.9 2019 394.9 145.9 
1999 102.1 45.4 N 2020 422.6 154.6 
TABLE 9 
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The intensive capital requirements of nuclear generating 
plants and the rapid increase in the cost of future fossil fuel 
plants to comply with environmental restrictions have compelled 
the utility to assess if an unabated 5% growth in electrical 
energy consumption could be supplied at a price which its custom- 
ers can afford. Siting legislation, in turn, introduced the 
additional consideration of extended lead times associated with 
the installation of new generating, transmission, and subtrans- 
mission facilities in Pennsylvania. Thus, the utility was also 
faced with the possibility of not being able to install facili- 
ties to supply the future unabated system load growth regardless 
of the costs. 
Based on these circumstances, an energy conservation and 
demand management program was adopted by the study utility to 
supply the electrical energy needs of their customers and effec- 
tuate a greater control over the future capital requirements and 
financial soundness of the company. Thus, numerous energy and 
demand measures were implemented to limit the system peak- demand 
load growth to 2.5%. This level of growth was determined to 
provide the most acceptable balance of revenues and future 
capital requirements without significantly restricting the 
economic growth in the test utility's service territory. 
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The primary impact of a lower system peak demand growth 
rate on the subtransmission system is that it extends the time 
it takes the load responsibility of a line to reach the maximum 
line capacity. Generally, this defers the need to rebuild and 
convert many 69 kV subtransmission facilities to 138 kV opera- 
tion. As a result, the capital requirements associated with 
reinforcement of the subtransmission system are reduced although 
the additional energy liability of 69 kV operation, instead of 
138 kV operation, is retained by the utility. 
Based on the lower rate of system load growth, many sub- 
transmission facilities will not be converted from 69 kV to 138 
kV operation prior to the year 2020. In these cases, the analyst 
must evaluate whether the higher capital requirements of larger 
sized conductors are economically justified by the associated 
energy related savings. 
/ 
\ 
To demonstrate the significance of these factors a 10 mile- 
3 phase-69 kV-subtransmission line supplying a 1979 initial peak 
load of 10 HW will be evaluated with a 5% as well as a 2.5% load 
growth rate. 
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The most direct and readily supported energy benefit of 
oversized, lower resistance conductors is energy conservation in 
the form of lower energy replacement costs as illustrated in 
Chapter II. Yearly energy replacement costs based on the 1979 
rate projections of Table 9, page 35 are listed on Table 10, 
page 39. The yearly present worth values of the energy replace- 
ment costs for 336.A MCM, 556.5 MCM, and 795.0 MCM ACSR conduc- 
tors are tabulated on pages 40-42 and 43-45 for a 5% and 2.5% 
peak load demand growth rate respectively. 
The capital requirements of a facility include repayment of 
the initial construction costs, associated interest charges, 
taxes, insurance, etc. The composite of these costs are termed 
annual carrying charges and are a fixed percentage of the initial 
cost to install the facility. The annual carrying charge for a 
subtransmission line is 14.24% (reference Appendix B) of the 
initial facility cost. The present worth of the annual carrying 
charges of a facility is calculated by multiplying the annual 
/ / 
( 
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YEARLY ENERGY REPLACEMENT COSTS 
BASED ON 1979 RATE PROJECTIONS 
Year $/kW Year ?/kW Year $zw 
1979 84.70 1993 221.22 2007 558.57 
1980 94.24 1994 236.41 2008 596.53 
1981 92.99 1995 252.64 2009 637.54 
1982 94.39 1996 269.67 2010 681.05 
1983 107.04 1997 288.03 2011 734.22 
1984 111.61 1998 307.97 2012 784.47 
1985 117.20 1999 328.98 2013 838.42 
1986 125.35 2000 351.43 2014 895.69 
1987 138.63 2001 375.34 2015 956.93 
1988 148.32 2002 400.87 2016 1 ,022.54 
1989 160.63 2003 428.60 2017 1 ,092.39 
1990 175.75 2004 457.81 2018 1 ,167.29 
1991 193.90 2005 489.01 2019 1 ,247.22 
1992 207.23 2006 522.73 2020 1 ,332.85 
TABLE 10 
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YEARLY ENERGY REPLACEMENT COSTS 
(PRESENT WORTH VALUES) 
10 Mile - 69 kV - 3 Phase - 336.4 MCM ACSR Line 
10 MW Initial 1979 Load - 5% Growth Rate 
Year     Cost       Year     Cost       Year     Cost 
1979 $ 5,447 1993 $12,697 2007 $28,609 
1980 $ 6,012 1994 $13,458 2008 $30,306 
1981 $ 5,884 1995 $14,266 2009 $32,127 
1982 $ 5,924 1996 $15,104 2010 $34,042 
1983 $ 6,664 1997 $16,002 2011 $36,403 
1984 $ 6,892 1998 $16,971 2012 $38,579, 
1985 $ 7,179 1999 $17,982 2013 $40,898 
1986 $ 7,676 2000 $19,054^ 2014 $43,338 
1987 $ 8,354 2001 $20,185} 2015 $45,926 
1988 $ 8,866 2002 $21,384 2016 $48,678 
1989 $ 9,524 2003 $22,678 2017 $51,582 
1990 $10,336 2004 $24,027 2018 $54,672 
1991, $11,311 2005 $25,457 2019 $57,943 
1992 $11,991 2006 $26,992 2020 $61,420 
Total of Present Worth Costs = $982,840 
TABLE 11 
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YEARLY ENERGY REPLACEMENT COSTS 
(PRESENT WORTH VALUES) 
10 Mile - 69 kV - 3 Phase - 556.5 MCM ACSR Line 
10 MW Initial 1979 Load - 5% Growth Rate 
Year     Cost       Year     Cost       Year     Cost 
1979 $3,309 1993 $ 7,713 2007 $17,381 
1980 $3,652 1994 $ 8,176 2008 $18,441 
1981 $3,575 1995 $ 8,667 2009 $19,518 
1982 $3,599 1996 $ 9,176 2010 $20,681 
1983 $4,048 1997 $ 9,722 2011 $22,115 
1984 $4,187 1998 $10,310 2012 $23,437 
1985 $4,361 1999 $10,92S"' 
$11,576^ 
2013 $24,846 
1986 $4,663 2000 2014 $26,329 
1987 $4,075 * 2001 $12,263 2015 $27,901 
1988 $5,386 2002 $12,991 2016 $29,573 
1989 $5,786 2003 $13,777 2017 $31,337 
1990 $6,279 2004 $14,597 2018 $33,214 
1991 $6,872 2005 $15,466 2019 $35,201 
1992 $7,285 2006 $16,398 2020 $37,313 
Total of Present Worth Costs = $597,121 
TABLE 12 
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YEARLY ENERGY REPLACEMENT COSTS 
(PRESENT WORTH VALUES) 
10 Mile - 69 kV - 3 Phase - 795.0 MCM ACSR Line 
10 MW Initial 1979 Load - 5% Growth Rate 
Year     Cost       Year     Cost       Year     Cost 
1993 $ 5,718 2007 $12,884 
1994 $ 6,061 2008 $13,648 
1995 $ 6,424 2009 $14,468 
1996 $ 6,802 2010 $15,330 
1997 $ 7,206 2011 $16,393 
1998 $ 7,643 2012 $17,373 
1999 $ 8,098 2013 $18,418 
2000 $ 8,580 2014 $19,516 
2001 $ 9,090 2015 $20,682 
2002 $ 9,630  )   2016 $21,921 
2003 $10,213 2017 $23,229 
2004 $10,820 2018 $24,620 
2005 $11,464 2019 $26,093 
2006 $12,155 2020 $27,659 
Total of Present Worth Costs = $442,603 
1979 $2,453 
1980 $2,707 
1981 $2,650 
1982 $2,668 
1983 $3,001 
1984 $3,104 
1985 $3,233 
1986 $3,457 
1987 $3,762 
1988 $3,992 
1989 $4,289 
1990 v.v - $4,655 
1991 \j|5,094 
1992 $5,400 
\ / 
TABLE 13 
42 
YEARLY ENERGY REPLACEMENT COSTS 
(PRESENT WORTH VALUES) 
10 Mile - 69 kV - 3 Phase - 336.4 MCM ACSR Line 
10 MW Initial 1979 Load - 2.5% Growth Rate 
Year     Cost       Year     Cost       Year     Coat 
1979 $5,447 1993 $6,466 2007 $7,421 
1980 $5,729 1994 $6,532 2008 $7,491 
1981 $5,343 1995 $6,598 2009 $7,567 
1982 $5,127 1996 $6,657 2010 $7,641 
1983 $5,495 1997 $6,721 2011 $7,787 
1984 $5,416 1998 $6,792 2012 $7,864 
1985 $5,376 1999 $6,858 2013 $7,944 
1986 $5,478 2000 $6,925 2014 $8,022 
1987 $5,681 2001 $6,991 2015 $8,101 
1988 $5,746 2002 $7,058 2016 $8,183 
1989 $5,882 2003 $7,133 /  2017 $8,263 
1990 $6,083 2004 $7,202  /  2018 $8,346 
1991 $6,344 2005 $7,271 2019 $8,429 
1992 $6,408 2006 $7,347 2020 $8,514 
Total of Present Worth Costs = $287,679 
TABLE 14 
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YEARLY ENERGY REPLACEMENT COSTS 
(PRESENT WORTH VALUES) 
10 Mile - 69 kV - 3 Phase - 556.5 MCM ACSR Line 
10 MW Initial 1979 Load - 2.5% Growth Rate 
Year     Cost       Year     Cost       Year     Cost 
1979 $3,309 1993 $3,928 2007 $4,508 
1980 $3,480 1994 $3,968 2008 $4,551 
1981 $3,246 1995 $4,008 2009 $4,597 
1982 $3,115 1996 $4,044 2010 $4,642 
1983 $3,338 1997 $4,083 2011 $4,730 
1984 $3,290 1998 $4,127 2012 $4,777 
1985 $3,266 1999 $4,167 2013 $4,826 
1986 $3,328 2000 $4,207 2014 $4,874 
1987 $3,452 2001 $4,247 2015 $4,922 
1988 $3,491 2002 $4,288 2016 $4,971 
1989 $3,573 2003 $4,333 2017 $5,020 
1990 $3,695 2004 $4,375 2018 $5,070 
1991 $3,854 2005 $4,417 2019 $5,121 
1992 $3,893 2006 $4,463 2020 $5,173 
Total of Present Worth Costs = $174,767 
TABLE 15 
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/ ■' 
YEARLY ENERGY REPLACEMENT COSTS 
(PRESENT WORTH VALUES) 
/ 
10 Mil? - 69 kV - 3 Phase - 795.0 MCM ACSR Line 
10 MW Initial 1979 Load - 2.5% Growth Rate 
Year     Cost       Year     Cost       Year     Cost 
1979 $2,453 1993 $2,912 2007 $3,342 
1980 $2,580 1994 $2,941 2008 $3,373 
1981 $2,406 1995 $2,971 2009 $3,408 
1982 $2,309 / 1996 $2,998 2010 $3,441 
1983 $2,475 1997 $3,027 2011 $3,506 
1984 $2,439 1998 $3,059 2012 $3,541 
1985 $2,421 1999 $3,089 2013 $3,578 
1986 $2,467 2000 $3,119 2014 $3,613 
1987 $2,559 2001 $3,148 2015 $3,648 
1988 $2,587 2002 $3,178 2016 $3,685 
1989 $2,649 2003 $3,212  ) 2017 $3,721 
1990 $2,739 2004 $3,243  \ 20l8 $3,758 
1991 $2,857 2005 $3,274 2019 $3,796 
1992 $2,886 2006 $3,309 2020 $3,834 
Total of Present Worth Costs = $129,551 
TABLE 16 
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cost by the uniform series present worth factor expressed as: 
USPW factor = C1 ♦ *) ^ (3-D 
) 
i (1+i)" 
where: 
n = number of interest periods 
i = interest rate per interest period 
For a subtransmission line with a 40 year life, (n=40), and 
an 11.15% cost of money, (i=0.1115), the USPW factor is approx- 
imately 8.8379. Thus, the present worth of the annual carrying 
charges of the facility is equal to the initial construction 
cost times the product of the annual carrying charge and USPW 
factor or 1.2585 times the initial construction cost. The 
individual and composite present worth values of the carrying 
charges and replacement energy costs for the 1979 example     \ 
facility are listed on Table 17, page 47. 
Based on these results, the traditional selection of 336.4 
MCM ACSR instead of 556.5 MCM ACSR conductor would place an 
economic penalty of $57,000 to $330,000 on the utility for a 
peak demand growth rate between 2.5% and 5% respectively. 
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1979 SUBTRANSMISSION LINE COST CONSIDERATION 
(10 Mile - 69 kV - 3 Phase - 10 MW Initial Load) 
5% Growth Rate 
1979 Present Worth Values 
Conductor Carrying Replacement Total 
Size (MCM) Charges Energy Costs Costs 
336.4 ACSR $1,353,950 +   $982,840 - $2,336,790 
556.5 ACSR $1,409,086 +   $597,121 = $2,006,207 
795.0 ACSR $1,549,637 +   $442,603 = $1,992,240 
2.5% Growth Rate: 
Conductor 
Size (MCM) 
1979 Present Worth Values 
Carrying 
Charges 
Replacement 
Energy Costs 
Total 
Costs 
336.4 ACSR 
556.5 ACSR 
795.0 ACSR 
$1,353,950 + 
$1,409,086 + 
$1,549,637 + 
$287,679 
$174,767 
$129,551 
$1,641,629 
$1,583,853 
$1,679,188 
TABLE 17 
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The energy replacement cost savings afforded by utilizing 556.5 
MCM ACSR offset the added carrying charges associated with 
installing the larger conductor size. The relative econoaics 
between 795.0 MCM ACSR and 556.5 MCM ACSR however depend on the 
peak load demand growth rate. 
Although the foregoing considerations include the energy 
cost component of losses, it does not reflect the costs associ- 
ated with larger system facilities to transmit the peak load 
losses. This facility cost, called the demand charge, is usually 
expressed in terms of dollars per kW of losses. 
Basically, the annual demand charge, ADC, can be expressed 
as: 
/ 
ADC -  CP x C (3-2) 
where: 
C = carrying charge rate in per unit 
CP = cost in dollars per kilowatt of load for 
the elements of the system preceding the 
facility under consideration. 
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I 
Some average dollar per kW costs for the components preced- 
ing a subtransmission facility are shown on Figure 6, page 50. 
The corresponding carrying charge, C, for generating plant 
and step-up substations is 14.52% and for transmission line and 
substation facilities 14.24% (reference Appendix B). Applying 
these carrying charges to the average electric facility charges 
in Figure 6 on page 50, yields an annual facilities cost of 
$72.35 per kW of losses incurred on the subtransmission system. 
The yearly demand cost of a subtransmission facility is 
y 
simply the annual demand charge times the annual peak demand 
values of losses in kW. The yearly present worth values of the 
annual demand costs for 336.4 MCM, 556.5 MCM, and 795.0 MCM ACSR 
conductors are tabulated on pages 51-53 and 54-56 for a 5% and , 
2.5% peak load demand growth rate respectively. The present 
worth totals of these costs; and the energy replacement and 
carrying charges are summarized on page 57. 
Although incorporation of the demand cost component of 
losses in the test utility example does not render 795.0 MCM 
ACSR conductor more economical than 556.5 MCM ACSR at the 2.5% 
peak demand growth rate it does bias the relative economics by 
$12,000. 
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YEARLY DEMAND COSTS 
(PRESENT WORTH VALUES) 
10 Mile - 69 kV - 3 Phase - 336.4 MCM ACSR Line 
10 MW Initial 1979 Load - 5% Growth Rate 
Year Cost Year Cost \ Year Cost 
\J 
1979 $4,653 1993 $4,153 2007 $3,706 
1980 $4,616 1994 $4,119 2008 $3,676 
1981 $4,578 1995 $4,085 2009 $3,646 
1982 $4,541 1996 $4,052 2010 $3,616 
1983 $4,504 1997 $4,020 2011 $3,587 
1984 $4,468 1998 $3,987 2012 $3,558 
1985 $4,432 1999 $3,955 2013 $3,529 
1986 $4,395 2000 $3,923 2014 $3,501 
1987 $4,360 2001 $3,891 2015 $3,472 
1988 $4,325 2002 $3,859 2016 $3,444 
1989 $4,290 2003 $3,828 2017 $3,416 
1990 $4,255 2004 $3,797 2018 $3,389 
1991 $4,220 2005 $3,766 2019 $3,361 
1992 $4,186 2006 $3,736 2020 $3,334 
Total of Present Worth Costs = $166,229 
TABLE 18 
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YEARLY DEMAND COSTS 
(PRESENT WORTH VALUES) 
10 Mile - 69 kV - 3 Phase - 556.5 MCM ACSR Line 
10 MW Initial 1979 Load - 5% Growth Rate 
Year Cost Year Cost Year Cost 
(, 
1979 $2,827 1993 $2,523 2007 $2,251 
1980 $2,804 1994 $2,502 2008 $2,237 
1981 $2,781 1995 $2,482 2009 $2,215 
1982 $2,759 1996 $2,462 2010 $2,197 
1983 $2,736 1997 $2,442 2011 $2,179 
1984 $2,714 1998 $2,422 2012 $2,162 
1985 $2,692 1999 $2,403 2013 $2,144 
1986 $2,670 2000 $2,383 2014 $2,127 
1987 $2,649 2001 $2,364 2015 $2,109 
1988 $2,627 2002 $2,345 2016 $2,092 
1989 $2,606 J 
"■•\$2,585./ 
2003 $2,326 2017 $2,075 
1990 y 2004 $2,307 2018 $2,059 
1993^ 
1992 
$2,564 2005 $2,288 2019 $2,042 
$2,543 2006 $2,270 2020 $2,025 
Total of Present Worth Costs = $100,990 
TABLE 19 
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YEARLY DEMAND COSTS 
(PRESENT WORTH VALUES) 
10 Mile - 69 kV - 3 Phase - 795.0 MCM ACSR Line 
10 MW Initial 1979 Load - 5% Growth Rate 
Year      Cost      Year     Cost       Year     Cost 
1979 $2,095 1993 $1,870 2007 $1,669 
1980 $2,078 1994 $1,855 2008 $1,665 
1981 $2,062 1995 $1,840 2009 $1,642 
1982 $2,045 1996 $1,825 2010 $1,629 
1983 $2,028 1997 $1,810 2011 $1,615 
1984 $2,012 1998 $1,796 2012 $1,602 
1985 $1,996 1999 $1,781 2013 $1,589 
1986 $1,980 2000 $1,766 2014 $1,576 
1987 $1,963 2001 $1,752 2015 $1,564 
1988 $1,947 2002 $1,738 2016 $1,551 
1989 $1,932 2003 $1,724 2017 $1,538 
1990 $1,916 2004 $1,710 2018 $1,526 
1991 $1,901 2005 $1,696 2019 $1,514 
1992 $1,885 2006 $1,682 2020 $1,501 
Total of Present Worth Costs = $74,867 
TABLE 20 
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YEARLY DEMAND COSTS 
(PRESENT WORTH VALUES) 
10 Mile - 69 kV - 3 Phase - 336.4 MCM ACSR Line 
10 MW Initial 1979 Load - 2.5% Growth Rate 
Year      Cost       Year     Cost       Year     Coat 
$961 
$909 
$859 
$812 
$767 
$725 
$686 r 
$648 I 
$612 
$579 
$547 
$517 
$489 
$462 
1979 $4,653 1993 $2,115 2007 
1980 $4,398 1994 $1,999 2008 
1981 $4,157 1995 $1,890 2009 
1982 $3,930 1996 $1,786 2010 
1983 $3,714 1997 $1,688 2011 
1984 $3,511 1998 $1,596 2012 
1985 $3,319 1999 $1,508 2013 
1986 $3,137 2000 $1,426 2014 
1987 $2,965 2001 $1,348 2015 
1988 $2,803 2002 $1,274 2016 
1989 $2,649 2003 $1,204 2017 
1990 $2,504 2004 $1,138 2018 
1991 $2,367 2005 $1,076 2019 
1992 $2,237 2006 $1,017 2020 
Total of Present Worth Costs = $76,982 
TABLE 21 
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YEARLY DEMAND COSTS 
(PRESENT WORTH VALUES) 
10 Mile - 69 kV - 3 Phase - 556.5 MCM ACSR Line 
10 MW Initial 1979 Load - 2.5% Growth Rate 
Year      Cost       Year     Cost       Year     Cost 
1979 $2,827 1993 $1,285 2007 $584 
1980 $2,672 1994 $1 ,214 2008 $552 
1981 $2,526 1995 $1 ,148 2009 $522 
1982 $2,388 1996 $1,085 2010 $493 
1983 $2,256 1997 $1,026 2011 $466 
1984 $2,133 1998 $ 970 2012 $441 
1985 $2,016 1999 $ 916 2013 $416 
1986 $1,906 2000 $ 866 2014 $394 
1987 $1,802 2001 $ 819 2015 $372 
1988 $1,703 2002 $ 774 2016 X-y$352 
f  $332 1989 $1,609 2003 $ 731 2017 
1990 $1,521 2004 $ 691 2018 '    $314 
1991 $1,438 2005 $ 654 2019 $297 
1992 $1,359 2006 $ 618 2020 $281 
\ \ 
Total of Present Worth Costs = $46,769 
TABLE 22 
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) 
YEARLY DEMAND COSTS 
(PRESENT WORTH VALUES) 
10 Mile - 69 kV - 3 Phase - 795.0 MCM ACSR Line 
10 MW Initial 1979 Load - 2.5% Growth Rate 
Year      Cost      Year     Cost       Year     Cost 
1979 $2,095 1993 $952 2007 $433 
1980 $1,981 1994 $900 2008 $409 
1981 $1,872 1995 $851 2009 $387 
1982 $1,770 1996 $804 2010 $366 
1983 $1,673 1997 $760 2011 $345 
1984 $1,581 1998 $719 2012 $327 
1985 $1,495 1999 $679 2013 $309 
1986 $1,413 2000 $642 2014 $292 
1987 $1,336 2001 $607 2015 $276 
1988 $1,262 2002 $574 2016 $261 
1989 $1,193 2003 $542 2017 $246 
1990 $1,128 2004 $513 2018 $233 
1991 $1,066 2005 $484 2019 $220 
1992 $1,008 2006 $458 2020 $208 
Total of Present Worth Costs = $34,670 
TABLE 23 
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1979 SUBTRANSMISSION LIME COST CONSIDERATION 
(Initial Capital and Energy Component of Losses) 
(10 Mile - 69 kV - 3 Phase - 10 MW Initial Load) 
5% Growth Rate: 
1979 Present Worth Values 
Conductor Carrying 
Charges 
Cost of Losses Total 
Size (MCM) Energy     Deaand Costs 
336.4 ACSR 
556.5 ACSR 
795.0 ACSR 
$1,353,950 
$1,409,086 
$1,549,637 
+ $982,840 + $166,229 = 
+ $597,121 + $100,996 = 
+ $442,603 + $ 74,867 = 
= $2,503,019 
= $2,107,197 
= $2,067,107 
2.5% Growth Rate: 
1979 Present Worth Values 
Conductor Carrying 
Charges 
Cost of Losses Total 
Size (MCM) Energy     Demand Costs 
336.4 ACSR 
556.5 ACSR 
795.0 ACSR 
$1,353,950 
$1,409,086 
$1,549,637 
+ $287,679 + $ 76,982 = 
+ $174,767 + $ 46,769 = 
+ $129,551 + $ 34,670 = 
= $1,718,611 
--    $1,630,622 
= $1,713,858 
TABLE 24 
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With newly enacted siting legislation and intensified 
environmental concerns and considerationst  it is possible that 
the facility's charges on subtransoission lines and other system 
components will escalate at a dramatic rate rather than reaain 
constant as in the example. Thus, the combination of the annual 
carrying charges, and energy and demand loss costs will provide 
a more comprehensive basis on which to determine the economic 
conductor size for subtransmission line facilities. 
£ 
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CHAPTER IV 
PROPOSED METHODOLOGY FOR 
ECONOMIC CONDUCTOR SIZE DETERMINATION 
There are several variables which affect the final determin- 
ation of the most economical conductor size. In the preceding 
chapters, several of the economic factors related to the selec- 
tion of conductor sizes for subtransmission lines were noted. 
These items included the carrying charges of the line, the 
energy replacement cost of resistive losses, and the capacity 
value or demand cost of resistive losses. 
r 
An analyst, in turn; needs a method of incorporating these 
costs in order to study the economics of conductor size as a 
function of initial peak load demand and the peak load demand 
growth rate. This requires calculating the present worth value 
of the energy and demand costs at various initial peak load 
demand levels and growth rates for each conductor size under 
consideration. These costs are then combined with the corres- 
ponding carrying charges for an economic comparison. However, 
the magnitude of these calculations prohibit the analyst from 
performing them on an individual project basis as was done inj 
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Chapter III.  In this regard, a set of curves showing the com- 
bination of the carrying charges and resistive loss costs for 
various conductor sizes at different initial peak load deaand 
levels for given growth rates would be an effective tool for 
conductor size evaluation for individual projects. 
The total present worth value of the carrying charges and 
the loss costs for a subtransmission line can be expressed as: 
T = C + I  <i!i)n Kl+g)n I']2 [3R/1000][En' + D •]   (4-1) 
n=0 
where: 
T = total present worth value of costs for one 
mile of subtransmission line in dollars 
C = carrying charges in dollars per mile 
n = number of years from 0 to 40 
i = annual interest rate- in per unit 
g = annual growth rate in per unit 
I' = initial peak load demand in amperes 
R = resistance in ohms per conductor per mile 
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E ' = energy replacement cost in $/kW of demand 
for nth year 
D ' = demand loss cost in $/kW for nth year 
Thus, for a given conductor size, a particular growth rate 
can be assumed and the initial load varied to determine the 
total cost, T, associated with supplying different initial load 
levels. Calculating these costs for each alternative conductor 
size at a given growth rate and plotting them as a function of 
initial load results in a diagram illustrating the economic 
range of each conductor size. A computer program was written in 
the Basic computer language for a Tektronix Model 4051 Graphic 
System to generate and plot the data for the development of 
curves.  (The program is available from the author.)      / 
A sample tabulation of the total costs, T, of a 69 kV 
subtransmission line needed in 1979 are shown in Table 25 on 
page 62 for initial peak load demand currents ranging from 0 to 
100 amperes in 10 ampere increments for 336.4 MCM, 556.5 MCM, 
and 795.0 MCM ACSR conductor at a 5% growth rate. From this 
data, curves were drawn of the total cost, T, for each conductor 
size as a function of the initial peak demand and are shown in 
Figure 12 on page 68. Curves for all integer growth rates from 
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TOTAL PRESENT WORTH VALUE OF COSTS 
FOR A 69 kV SUBTRANSMISSION LINE 
WITH AN INITIAL LOAD GROWTH RATE OF 5% 
(ALL COSTS IN THOUSANDS OF DOLLARS PER MILE) 
Initial ACSR Conductor Size (MCM) 
Load 
(Amperes) 336.4 556.5 795.0 
0 $135.4* $140.9* $155.0* 
10 $136.9 $141.8 $155.6 
20 $141.2 $144.5 $157.6 
30 $148.6 $148.9 $160.9 
40 $158.8 $155.1 $165.5 
50 $171.9 $163.1 $171.4 
60 $188.0 $172.8 $178.6 
70 $206.9 $184.4 $187.2 
80 $228.9 $197.7 $197.0 
90 $253.7 $212.8 $208.2 
100 ** $229.6 $220.7 
*   These values correspond to the carrying charges 
of the facility. 
**  This value of current projected for 40 years at a 5% 
growth rate exceeds the capacity of the conductor. 
TABLE 25 
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ECONOMIC CURRENT RANGES OF CONDUCTORS 
AT VARIOUS LOAD GROWTH RATES 
(ALL CURRENT VALUES IN AMPERES) 
GROWTH 
RATE ACSR CONDUCTOR SIZE 
(,%) 336.4 MCM 556.5 MCM 795.0 MCM 
0 0-79 79-200 200 & Above 
1 0-69 69-174 174 & Above 
2 0-59 59-148 148 & Above 
3 0-49 49-123 123 & Above 
4 0-40 40-95 95 & Above 
5 0-32 32-79 79 & Above 
6 0-25 25-61 61 & Above 
7 0-19 19-47 47 & Above 
8 0-14 14-36 36 & Above 
TABLE 26 
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0 to 8% were developed and are included as Figures 7 through 15, 
on pages 63 through 71. The economic range of each conductor 
for a given growth rate is the intersection of a conductor with 
its next higher rated conductor. 
The economic ranges for each conductor are tabulated in 
Table 26, page 72, for the various growth rates considered. 
From this data, the initial peak load demand in amperes was 
plotted as a function of the percent load growth and is illustra- 
ted as Figure 16, on page 73. The curves in Figure 16 corres- 
pond to the initial peak load demand and growth rate conditions 
for which the economics of two conductor sizes are equal. The 
areas delineated by the curves represent the range of initial 
peak load demands and growth rates for which a given conductor 
*size is the most economical. 
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CHAPTER V 
SAMPLE EVALUATION 
To demonstrate the usefulness of the diagrams in Chapter IV, 
the test utility example in Chapter III is reconsidered. 
The 10 MW unity power factor 69 kV load corresponds to a 
current of approximately 84 amperes. For this initial peak load 
demand and a 5% growth rate, Figure 16 on page 73 graphically 
illustrates that 795.0 MCM ACSR is the optimum conductor size. 
However, 556.5 MCM ACSR is the economical conductor size for a 5% 
growth rate if the initial peak demand is less than 79 amperes. 
Figure 16 also shows that 795.0 MCM ACSR is more economical than 
556.5 MCM ACSR for an initial peak demand of 84 amperes only if 
the growth rate is greater than 4.8%. 
Thus, diagrams such as Figure 16 would enable the analyst 
to (1) readily identify the optimum conductor size for a facil- 
ity with an initial peak load demand and growth rate; and (2) 
easily analyze the sensitivity of the economics between conduc- 
tor sizes at various growth rates.  In addition, these determi- 
nations can be made by the analyst on an individual project 
basis without a myriad of time consuming calculations. 
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If the costs of alternative conductor sizes are necessary: 
o   approximate values are easily derived froa curves sim- 
ilar to Figures 7 through 15 on pages 63 through 71. 
o   equation 4-1 on page 60 can be used to calculate pre- 
cise dollar amounts. 
For example, the cost associated with utilizing 556.5 MCM 
or 795.0 MCM ACSR conductor to supply an initial peak demand of 
84 amperes with a 5% annual growth rate over 10 miles of sub- 
transmission line are estimated from Figure 12, page 68, to be 
$2,040,000 and $2,010,000 respectively. Using equation 4-1, 
the calculated costs are $2,107,165 and $2,067,094. The approx- 
imations are within 3% of the calculated values and are accurate 
enough for comparison purposes. 
The curves in Chapter IV were based on subtransmission lines 
designed to 138 kV standards but operated at 69 kV. Therefore, 
these curves can be used by the analyst to determine the optimum 
conductor size for 138 kV subtransmission lines on the test 
utility system assuming that the average dollar per kW costs of 
^> 
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transmission substations with 138 kV or 69 kV secondary are 
equal, which is a reasonable assumption. 
,.,.„..,._„._„, 
factor is equivalent to 42 amperes at 138 kV. Figure 16 on page 
73 shows that 556.5 MCM ACSR is the optimum conductor size for 
this initial load for growth rates between 3.5% and 7.3%. At a 
5% growth rate, the cost to serve this load over 10 miles of 
556.5 MCM ACSR conductored 138 kV line is estimated at $1,570,000 
from Figure 12, page 68. Similarly the costs associated with 
336.4 MCM and 795.0 MCM ACSR conductor are approximated at 
$1,610,000 and $1,670,000 respectively.^^, 
J 
Because the curves in Chapter IV are applicable for 69 kV 
and 138 kV considerations, the analyst can use these curves to 
determine the approximate cost differential associated with the 
installation and operation of a line at 69 kV versus 138 kV. 
For example, the cost differential to supply the 10 MW initial 
load with a 5% annual growth rate over 10 miles of 556.5 MCM 
ACSR line-at_69 kV versus 138 kV is approximately $2,040,000 
less $1,610,000 or $430,000. This cost can then be incor- 
porated with other cost considerations to more comprehensively 
77 
evaluate the economic impact of 69 kV versus 138 kV facility 
operation on the test utility system. 
'\ 
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CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
An electric utility is responsible for the coordinated de- 
velopment and operation of electric facilities to reliably meet 
present and future customer needs at the lowest possible costs. 
This requires developing plans for future electrical supply 
facilities with the best balance of reliability, environmental 
factors, social impacts, and economic considerations. 
It has been demonstrated that the present worth value of 
costs for resistive losses associated with subtransmission   j 
facilities are significant. These losses should therefore not 
be overlooked in the economic evaluation of conductor size for 
subtransmission line facilities. The differential in the 
present worth value of costs for resistive losses can often be 
the determining factor between two alternative reinforcements 
which provide comparable degrees of reliability for aporoxi- 
mately equal construction costs. 
In light of projected energy costs and capital require- 
ments for future generating stations, the savings due to 
reduced losses cannot be ignored. Neither is it proper to 
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emphasize the cost of losses above other cost considerations. 
It is necessary, however, to stress the importance of in- 
cluding the cost of losses in the economic analysis of elec- 
trical utility operation to insure electrical supply is pro- 
vided at the lowest possible overall cost. 
The method set forth in this thesis to evaluate the cost 
of resistive losses is not limited to the determination of 
economic conductor size for subtransmission line facilities. 
The equation: 
T = C + 2      (^)n  [(l+g)n r][3R/1000][En' + DQ'] 
has direct application in assessment of the value of the resis- 
tive losses for transmission lines, distribution lines and 
transformers. This method can also be utilized to evaluate 
the cost differential of resistive losses of various conductor 
types. 
Additional applications of this method in utility opera- 
tions include, but are not limited to: 
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quanitatively evaluate the effect of higher than 
expected fuel costs on the value of resistive 
losses by increasing the energy rates used to 
calculate the cost of the losses. 
o   analyze the impact of major system reinforcements 
such as future generating plants by factoring these 
facilities' costs into the equivalent demand charge. 
:> 
o   measure the amount of energy that may be conserved 
by reducing losses. 
o   determine the economic benefits of reduced resistive 
losses from load shape and/or load cycle charges 
achieved by demand management efforts. 
o   assess the economic sensitivity of resistive losses 
to various load growth rates. 
v 
At a time when energy and demand management are deemed 
essential to the economic soundness of future utility opera- 
tion, it is imperative that utilities study internal as well as 
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external aspects of energy consumption to insure that decisions 
provide reliable electric supply at the lowest cost to the con- 
sumers . 
An area which deserves further consideration is that of 
determining how much additional capital investment a utility 
can economically support to reduce resistive losses. Since 
it has been shown that increased capital investment costs 
can be offset by a reduction in loss costs, there are economic 
benefits to be realized in this area. Guidelines in this 
regard are essential to the analysts' selection of alter- 
natives which provide the best balance of cost factors for 
system reinforcements. 
• ../ 
It is hoped that this paper will result in the incorpor- 
ation of energy and demand loss costs in the determination of 
conductor sizes for subtransmission line facilities to more 
precisely identify the economic' conductor size. It is also 
hoped that it will spur the further consideration of loss 
costs in other areas of system operation to maximize the over- 
all cost effectiveness of utility capital expenditures. 
82 
BIBLIOGRAPHY 
1.  Westinghouse Electric Corporation, Electrical Transmission 
and Distribution Reference Book, 1964. 
27 —Norman N. Barish, Economic Analysis For Engineering and 
Managerial Decision-Making, New York: McGraw-Hill Book Co., 
1962. 
3. Pennsylvania-New Jersey-Maryland Interconnection, Deter- 
mination of Bare Overhead Conductor Ratings. A report 
prepared by the Conductor Rating Task Force, PJM, Valley 
Forge: PJM, 1973. 
4. Pennsylvania Power & Light Co., Bulk System Reactive 
Requirements - SPR 151. A report prepared by the System 
Planning Department, PP&L Co., Allentown: July 29, 1968. 
5. Pennsylvania Power & Light Co., Region Transmission Long 
Range Development - SPR 160. A report prepared by the 
System Planning Department, PP&L Co., Allentown: March 29, 
1971. 
83 
6. L. C. Caceres, "Economic Conductor Size Under Load Growth 
Conditions," Transmission and Distribution, September 1976, 
pp. 38-77. 
7. V. C. Patel and Dr. £. K. Stanek, "Kconoaic Selection of 
Conductors on Electrical Distribution Systems," paper pre- 
sented at Pennsylvania Electric Association System Planning 
Committee Meeting in Bedford, Pennsylvania, May 7, 1975. 
8. . Joseph H. Piocioneri, "Are ITl Losses Conducting Tou to 
Bankruptcy?," Electric Light and Power, T&D Edition, 
February 1973, pp. 45-47. 
9. Donald Sebesta, "Choose Correct Transformer-Loss Values," 
Electrical World, May 15, 1978, pp. 64-66. 
* 
84 
APPENDIX A 
DERIVATION OF APPROXIMATE CAPITAL 
COSTS PER kvar OF REACTIVE CAPACITY 
The cost of a 28.8 Mvar capacitor on the PP&L subtransmis- 
sion system is estimated, in 1979 dollars, at $115,000. Thus, 
the average cost of capacitor reactive capacity on the subtrans- 
mission system is approximated: 
28.8 Mvar X 1,000 kvar = $3-"/kvar 
The cost of comparable generator reactive capacity is 
approximated by dividing the incremental cost to increase the 
reactive output of a generator, for a given MW output, by the 
additional Mvar capability. 
\.; 
For example, the rated output of a 1210 MVA generator 
with a 0.95 power factor is equal to 1150 MW + j 378 Mvar. 
The incremental cost of a 1280 MVA generator with a 0.90 power 
factor, or 1152 MW + j 558 Mvar is estimated at $810,000. 
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The average cost of the additional generator reactive 
capacity is approximated: 
$810,000      1  Mvar _ ., CA/. 
180 Avar x 1,000 kvar = ^^/kvar 
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APPENDIX B 
CARRYING CHARGES FOR TYPICAL TYPES 
OF ELECTRICAL FACILITIES 
FACILITY - TYPE 
ANNUAL LEVELIZEO 
CARRYING CHARGES 
Generation  - Nuclear 13.98%* 
- Coal 15.20%* 
- Oil 15.20%* 
- Combustion 
Turbine 
16.63%* 
Transmission - Lines 14.24% 
- Substation 14.24% 
* The 14.54% annual carrying charge used in the text for 
generating station equipment is the weighted average of these 
carrying charges based on the proportions of each type of 
generation on the PP&L system. 
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